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Abstract 


This report contains the results and aalysis of a series of wind-tunnel 
tests for several rectangular and one delta fin planform with streamwise gaps 
between the fin root chord and body. The tests were conducted at free-stream 
Mach numbers from 0.8 to 1.5 with fin to body gap variation of 0.00 to 0. 25 
body diameter. The normal force effectiveness for the fin-gap configuration 
is presented as normal force coefticient siopes at zero angle of attack. Small 
gaps are shown to cause significant loss in fin effectiveness especially at 
transonic Mach numbers. 
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Symbols 


A reference area, ~ D? 

ref 4 
b fin exposed semi span 
Cc fin chord 
C A axial force coefficient 
en pitching moment coefficient 
Cy normal force coefficient 
Cy aCy/ae 

a 

D body diameter 
G fin-body gap 
M Mach number 
er center of pressure percent chord from trailing edge 
t fin maximum thickness 
subscripts 
0 zero angle of attack 


co) free-stream conditions 


t. introduction 


The Aerodynamics Branch, Advanced Systems Laboratory, Research 
and Engineering Directorate, Army Missile Command, is currently conducting 
a supporting researeh project in stability margin management. The purpose of 
the project is to establish methods and design data which will allow the aero- 
dynamic design engineer to provide a configuration having a desired stability 
margin variation with Mach number. The desired variation is that one which 
trajectory simulation requires for greatest accuracy or minimum dispersion. 


One problem area is the large increase in stability margin which occurs 
through the transonic velocity regime. For high accelferatton vehicles this 
occurs early in the trajectory. Any path errors introduced at this point cause 
large dispersions in unguided rocket vehicles and complicat2 the control gains 
required for guided vehicles. ‘The ability ta reduce or eliminate this transonic 
stability inerease is highly desirable and an important requirement in stability 
margin management. 


Most of the transonic stability increase is due to the fins used to stabi- 
lize the vehicle. The stability of a fin-stabilized rocket is a function of the fin- 
normal force and center of pressure. Generally, the best planform for accom- 
plishing a reduction in the transonic stability margin is the low aspect ratio 
rectangular planform. ‘The lower the aspect ratio, the lower is the transonic 
rise in normal force. 


There are times in missile design, however, when the lower aspect 
ratio cannot be tolerated at the extremes of the flight Mach number regime. 
For these cases higher aspect ratio fins may be required than are desirable 
at transonic speeds. When trade-offs between fin aspec/ ratio and fin area 
give unsatisfactory transonic static margin, other methods of reducing the 
transonic fin lift may be desirable. One method of doing this is using 
more than four-multiple fins [1]. The use of muitiple fins, however, may be 
precluded by the increase of cost and structural complexity, and multiple fins 
may cause undesirable weight penalities. Another methoa of decreasing the 
fin lift is allowing bleed between the fin reot chord and the body surface 
through fin-bocy gaps, thereby allowing equalization of fin-body interaction 
pressure. 


This report presents the results of wind-tunnel tests conducted at Mach 
muumbers from 0.8 to 4.5 of four configurations with three rectangular and one 
delta fin configuration with root-chord-body gaps from 0.0 to 0. 25 body diameter 
over an angle of attack range of from -4 to 8 degrees. These tests were part of 
an overall program designed to study the methods of varying transonic stability. 
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2. Apparatus 


Wind-tunnel tests were cenducted at two facilities during this study. 
The transonic portion of the test was conducted at the 1-foot transonic tunnel [2], 
Propulsion Wind Tunnel Facility, Arnold Engineering Development Center. (AEDC). 
Arnold Air Force Station, Tennessee, and the supersonic portion at Ballistic 
Research Laboratories (BRL) tunnel No. 1 [3]. Aerodynamic forces and _ 
moments were -neasured with the Army Missile Command VHB-2-4 six-compon- 
ent strain gage balance. This balance has a 10-pound normal force and a 
5-pound side force capacity. 


The basic model is a 4-caliber tangent ogive nose with an 8-caliber 
cylindrical afterbody. The model diameter is 1.1 inches. The model is uniquely 
designed to measure the forces and moments on the aft 2 calibers of length only. 
This balanced section is designed so that a split barrel section may be replaced 
with other barrels having fins mounted on them. The total normal force meas- 
ured is the cylinder loading by the induced pressure distribution due to the nose, 
the cylinder loading due to the presence of the fins, and the fins in the presence 
of the body. The configurations tested are described in Table I and Figures 
1 and 2. 


TABLE I. GEOMETRY OF MODEL FIN CONFIGURATIONS 


AR 
Configuration without Gap 


DPN wpHPPh wy 
esss sees sess 


TABLE I, GEOMETRY OF MODEL FIN CONFIGURATIONS (Concluded) 


without Gap 


Instrumented Afterbody only, D = 1.1 in. 


NOTES: FD —-delfa fin 
F4, F7, and F8 — rectangular rin 
16 finned configurations 


The model configurations were chosen to give some variation in fin 
planform as well as fin to body gap variation. Two basic planforms, rectangu- 
lar and delta, were chosen and sized to fit within the constraints normally 
imposed on typical Army missile design. Fin configurations F4, F7, and F8 
had rectangular planforms with aspect ratios of 1.0, 0.75, and 0.50 respectively. 
A single delta fin planform had an aspect ratio of 1.5; however, the root 
chord and span are identical to the rectangular fin F7. All configurations were 
tested with the fins in a cruciform arrangement at the same roll attitude. The 
roil attitude was with the fins arranged in the vertical and horizontal lifting 
planes such that the vertical plane was always at a geometric zero yaw angle. 


3. Procedure 


All configurations except F7 were tested at Mach numbers of 0.8 to 
1.4 at AEDC, and all configurations were tested at Mach numbers of 1.75 to 
3.0 at BRL. Data were acquired for all runs at angles of attack including and 
varying between -4 and 8 degrees in 1-degree increments. Half-degree incre- 
ments were taken between -2 and 2 degrees. The wind-tunnel operating conditions 
in the transonic portion at AEDC [4] result in Reynolds numbers of from 0.38 
to 0.45 x 10° per inch. A constant Reynolds number of 0.48 x 10° per inch at 
all Mach numbers was maintained at BRL during the supersonic test. 


The relative deflections between the forebody and the inetrumented 
afterbody are a:counted for in data reduction. The estimated precisions of 
measurements 2.e as follows: 


C.. = +0.004 C = +0.003 
N m 

C, = +0.004 M = +0.003 
A ro) 

q = + 3 psf a- «0.1 deg 


4 Results and Discussion 


The res its of the present investigation are based upon two wind- 
tunnel tests: A transonic test ai AniC [4], and a supersonic test at BRL with 
the same model used at both facilities (Figures 1 and 2). The basic data plots 


of normal force Cy pitching moment Ce and axial force C n coefficients versus 


model angle of attack, and pitching moment versus normal force coefficients 
are contained in the appendix. 


Figures 3 through 18 present the summary of the results for all Mach 
numbers of the various configurations. These are presented in the form of 
normal force coefficient slops Cx , center of pressure aa and axial force 

a 


coefficient C x at zero angle of attack. 
0 


a. Normal Force Effectiveness 


Figures 3 through 6 present the slope of the normal force 
coefficient dC, /da at zero angle of attack as a function of free-stream Mach 
number. 


The Cx presented represents the tctal normal fu.ce effectiveness of 
a 
Sasic fin lift, body upwash, fin-body carryover, fin-body gap effects, and the 
small component of cylinder lift especially around M, = 1 (Figure 18). 


The normal procedure for determining fin effectiveness on missile 
configurations expevimentally is to make measurements of the body without 
fins first, then make measuremenis of this same body with fins attached. The 
fin effectiveness can then be determined by taking the difference between these 
two measurements at the same free-stream flow conditions. This technique 
reyuires that the model instrumentation have load capacity much higher than 
loads produced by the fins. Accuracy is sacrificed by having to take the difference, 
since the body lift is usally of the same order of magnitude as the fin effectiveness 
for typical missile configurations. Definition of the effects of adding streamwise 


po ac emaneniatest nateneainacimmualiaiidl 


gaps vetween the body and fin requires better accuracy than that achieved through 
the above procedure. 


Because of the uniqueness of the model used in this study (Figure 1), the 

body forces are small compared to the fin effectiveness. Figure 18 presents 

the normal force coefficient slope as a function of Mach number for the instru- 
mented cylindrical section of the body. The effects of fin gaps on thc normal 
force effectiveness can te shown without the complication of making subtraction 
of the body alone from the total measured effectiveness. The summary data 

for the body without fins are contained in Figure 18, and Figures A~16 (a-d) of 
the appendix contain the basic wind-tunnel results if it is desired to determine 


the fin effectiveness alone. 


Normal force effectiveness shown in Figures 3 through 6 are in the form 
of the best estimate of the slope ac, jee at zero angle of attack. The slopes 


were determined by a fifth-order polynomial curve fit of data points ior -4 deg 
=a = 4 deg, and were checked at each Mach number for all configurations 
by graphical hand sloping methods. For configuration F8 (smallest fin) the data 
are highly nonlinear with respect to angle of attack, and some interpretation had 
to be made to the use of the slopes from the polynominal fit. In all cases the 
CK represents the best estimate of the true slope at zero angle of attack. For 
a 
fins F4, F8, and FD (Figures 3, 5, and 6) both transonic and supersonic tests 
were conducted; however, for F7 (Figure 4) there were no transonic tests 
conducted. It can be seen from Figures 3 through 6 that the effect of increasing 
gap from 0. 0 to 0. 25 body diameters causes a general reduction of the normal 
force effectiveness throughout the Mach number range, but most reduction 
occurs transonically and at low supersonic Mach numbers. This could be 
especially useful when it is desired to reduce the missile static margin variation 
throughout the Mach number range. 


Figures 7 through 10 show the no1mal force effectiveness CN asa 
a 

function of the ratio of gap distance to the body diameter, G/D, for various 
Mach numbers. [hese figures are simply cross plots of Figures 3 through 6, 
but they demonstrate how the small gap has significant effect with the change 
in effect becoming less significant as the gap increases. The influence of the 
post attaching the fins to the body has not been isolated for this study. The posts 
are cylindrical (Figure 2), and the normal force contributed by them is expected 
to be insignificant at small a. The influence of the poet on body upwash and 
carryover, however, is not known at this time. 


A theoretical model is being developed that utilizes a medified linear 
theory to predict the fin effectiveness for fins with streamwise gaps. These 
data will be used to make comparison with this theory in a report at a later date. 
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b. Center of Pressure 


Figures 11 through 14 present the center of pressure X : 
e 


expressed in percent root chord from the fin trailing edge for each configuration 
as a function of Mach number. The are are determined from the slope of the 


pitching moment pe versus the normal force Cy curves at Cy = 0. For the 


transonic data the moment reference center is 9.518 body diameters from the 
model nose (Station 10.47) or 2. 484 body diameters from the fin trailing edge. 
The center of pressure from the trailing edge is 


X  =2.484+ dC dc,,| : 
cp Nig= 0 


For the supersonic dats: the moment reference center is at the fin trailing edge 
and 


X =¢dC_ fac ‘ 
cp m Nae 


It can be seen by comparing the transonic to the supersonic data that 
there is some disagreement betwee. the AEDC and the BRL levels of ae If 


the change in body-alone ge were accounted for, the transonic-body-alone 


effects wou!d partly account for this difference. Some differences could also 
be attributed to accuracy involved in transferring moments during the wind- 
tunnel data reduction process. 


c. Axial Force 


Figures 15 through 17 present the zero angle of attack axial force 
coefficient as a function of Mach number for fins F4, F8, and FD will all gaps. 
The axial force was not obtained at the supersonic Mach numbers for fins F4, 

F7, and F8 because of an error in instrumentation. For axial force computations, 
the body without fins must be considered -- even though it was neglected f.7 nor- 
mal force effectiveness — because ofbase andfrictiondrag components. The base 
drag was determined from the average of two static pressure orifices mounted 

on the model base. The values of C Ay in Figures 15 through 17 are computed 
from: 


1 aes 


-C 
Ay FIN + BODY Ay BODY 


5. Conclusions 


This study has been conducted to determine the effect of adding 
streamwise gaps between the fin root chord and a body of revolution. Based 
on the resuits of a series of wind-tunnel tests at both transonic and supersonic 
Mach numbers, the following conclusions are made: 


1) he fin effectiveness is significantly reduced by adding stream- 
wise gaps between the fin and body of missile configurations. 


2) The largest reduction of fin effectiveness occurs at the transonic 
and low supersonic Mach numbers, tending to flatten the Cy 
versus Mach number variation. Q@ 


3) Small gaps cause large reduction in fin effectiveness, with a 
lower rate of change in effectiveness reduction at larger gaps. 
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Appendix 
Results from Wind-Tunnel Tests 


The results from a series of wind-tunnel tests are presented herein. 
Figures A-1 through A-4 present the normal force coefficient versus angle of 
attack at all Mach numbers anc configurations. Figures A-5 through A-8 
present the pitching moment coefficient versus angle of attack, and Figures 
A-9 through A-12 present the pitching moment versus normal force coefficient. 
Figures A-13 through A-15 present the axial force coefficient versus angle of 
attack at all Mach numbers for all configurations. Figures A-16a through 
A-16d) contain all coefficients for the body w‘thout fins. 
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